Abstract: Samples of abnormal mud crabs, Scylla serrata (Forskål, 1755) (Decapoda: Portunidae), were collected from crab farms in Samutsongkhram Province, Thailand. These crabs had hard carapaces, red chelipeds and joints, pale hepatopancreas, gills, and soft muscles. They were almost immobile and finally died. The haemolymph revealed three stages of the syndrome, namely orange, orange-white, and milky-white in colors. The haemolymph, integument, hepatopancreas, gills, abdominal and claw muscle, stomach, and heart were dissected and histologically examined using transmission and scanning electron microscopy. Closer examinations found infection with rod-, curve rod-, or coccus-shape bacteria with thin and thick cell walls in all investigated organs and haemolymph. Isolation of the microorganisms from the infected tissues of red sternum syndrome crabs resulted in five types of bacteria. No microorganism growth was observed in normal crabs. Interestingly, the types of isolated bacteria can be classified according to the severity of the disease. Additionally, the degree of bacterial infection found was consistent with the stages of the disease. It was postulated that the bacteria entered the crabs via the gills, and then migrated through circulating haemocytes, before reaching the internal organs.
Introduction
Scylla serrata (Forskål, 1755) , popularly known as mud crab, is one of the important aquatic commercial animals of Thailand with an export value exceeding US $ 123.60 million in 2005. The mud crab is well accepted due to its good taste and high nutrition. In Thailand, this species is distributed along the coastal water and they have also been cultured for more than 20 years in several provinces; Chantaburi, Trat, Samutsongkhram, Ranong, and Trang. According to Salaenoi et al. (2006) , in the period [2005] [2006] , approximately 10% of all crabs in Chantaburi and Samutsongkhram Provinces were found to be abnormal, with red sternum syndrome and orange to white haemolymph. The high number of red sternum mud crabs resulted in the decreasing productivity of normal mud crab, while the cause of the syndrome is still unknown. These symptoms are similar to those of infected bitter crab disease (BCD) or Pink crab disease (PCD) reported in snow crab (Chionoecetes opilio Kröyer, 1838), Alaska tanner crab (Taylor & Khan 1995; Meyer et al. 1987; Shields et al. 2005) , and edible crab (Cancer pagurus L., 1758) from the commercial fishery (Field et al. 1998; Stentiford et al. 2002 Stentiford et al. , 2003 . These diseases are caused by parasitic dinoflagellate, Hematodinium sp., which has been found to be the disease agent of commercial crustaceans such as crab and lobster (Stentiford et al. 2000 (Stentiford et al. , 2001 (Stentiford et al. , 2002 Stentiford & Shields 2005) . Hematodinium sp. can infect the eggs, stomach, soft tissue, and haemal sinus of the host. Basically, infected crabs with PCD had a depletion of reserve cells in the hepatopancreas. Hematodinium sp. and yeast can also co-infect Cancer pagurus and Necora puber (L., 1767) (velvet swimming crab) (Shields & Squyars 2000) . However, there is no report on the exact causes of the red sternum syndrome in crabs. In addition, other pathogens such as ciliate, barnacle, viruses, yeast and bacteria were reported to be the cause of several crab diseases (Davis & Sizemore 1982; Faghri et al. 1984; Vogan et al. 2002; Stentiford et al. 2003) . In order to investigate the abnormal characters found in cultured mud crabs. The ultrastructure of infected crabs was examined by transmission electron microscopy (TEM), scanning electron microscopy (SEM), and isolation of microorganisms using microbiological techniques. It was anticipated that this study would provide valuable fundamental data leading to the exact causes of this syndrome.
Material and methods
For histological and microbiological study, thirty one healthy mud crabs (15 males and 16 females) and fifty four red sternum mud crabs (27 males and 27 females) were collected from crab farms in Samutsongkhram Province, Thailand. Carapace width, crab weight, and characters of crabs c 2009 Institute of Zoology, Slovak Academy of Sciences • C, pH 7.43-9.10, salinity 15.68-26.00 psu, and dissolved oxygen concentration 5.06-8.29 mg L −1 ). Haemolymph samples were withdrawn using sterile syringes, kept in a cool container and transported to the laboratory within 2 h for further study.
Tissue preparation for transmission electron microscopy (TEM) The crabs were anaesthetized by soaking in chilled water. Integuments, hepatopancreas, gills, abdominal and claw muscles, stomach and heart of all crabs were dissected and washed with 0.9% saline before fixation in 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.2 for 24 h. The samples were then rinsed with 0.1 M phosphate buffer pH 7.2 and post-fixed in 1% osmium tetraoxide at room temperature for 1-2 h. After the incubation time, all samples were washed 3 times in 0.1 M phosphate buffer pH 7.2 followed by dehydration through an acetone series, and embedded in spurr resin. The materials were cut into 1-2 µm thickness, and stained with toluidine blue before examination under a light microscope to identify suitable areas. The selected area tissues were ultra thin sectioned to 60 nm thickness, stained with 0.5% uranyl acetate, then lead citrate and finally examined under TEM (JEOL 1230) operating at 80 kV.
Haemolymph preparation for scanning electron microscopy (SEM)
The haemolymph was pre-fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer for 24 h. The samples were rinsed in 0.1 M phosphate buffer pH 7.2 for 10 min twice. They were then dehydrated in a graded series of ethanol (30%, 50%, 70%, 80%, 90% and absolute ethanol), and dried in a critical point dryer machine. All samples were mounted on stubs with conductive carbon tape, coated with gold particles at 20 nm thickness in an ion sputting, and examined under SEM (CamScan Analytical, Maxim 2000S) operating at 10 kV.
Microbiological observation
Microorganism isolation was performed from hepatopancreas, gills, abdominal and claw muscles, stomach, heart, and haemolymph of the three stages of red sternum mud crabs and normal crabs with aseptic technique. The isolates were cultured on 3% NaCl nutrient agar (NA) and 3% NaCl potato dextrose agar (PDA) and Gram stain was observed. The incubation was carried out at 25
Results
Characterization of normal and red sternum mud crabs Normal (15 males and 16 females) and red sternum mud crabs (27 males and 27 females) collected from crab farms contained hard carapace in an oval form. Both normal and diseased crabs were of similar size and weight. The characteristics of abnormal crabs were clearly different from those of normal crabs. The red sternum mud crabs were docile, showed less movement, and finally died. The internal organs of the infected crabs were pale and soft.
The normal mud crabs had white to pale yellow sternum (Fig. 1A) , and their haemolymph seemed transparent (Fig. 1B) . On the other hand, the sternum of abnormal mud crabs appeared orange to reddish-orange (Figs 2A, C, E). Examination of the haemolymph revealed three stages of the syndrome, namely, orange ( Fig.  2B ), orange-white (Fig. 2D) , and milky-white in colors (Fig. 2F ) (Table 1). The haemolymph of the red sternum mud crab showed slower clotting than in healthy crabs. The internal organs of both were normal in shape but the heart, stomach, and intestine of red sternum mud crabs clearly changed from clear color into yellow and orange ( Figs  2B, D, F) .
Examination of the haemolymph under SEM revealed rod-, curve rod-, or coccus-shape bacteria (Fig. 3 ) in all investigated abnormal mud crabs. No bacteria were found in the normal crabs. Histological examination of integument, hepatopancreas, gills, abdominal and claw muscles, stomach, and heart (Figs 4-6) of all stages of red sternum mud crabs under a transmission electron microscope revealed rod-, curve rod-, or coccus-shape bacteria with thick and thin cell walls. Histological features detected in chromatophores integument of red sternum mud crabs showed bacteria with thick and thin cell walls (Fig. 4A) . TEM micrograph showed massive bacterial infections causing thickening of gill epithelium with a reduced haemal canal (Fig. 4B) . Heavy bacterial infestations also caused thickening of haemal sinus epithelium Fig. 2 . Characteristics of three stages of red sternum mud crabs. The sternum of red sternum mud crab is pale-orange to reddish-orange (A, C, E). The heart (h) and stomach (s) of infected mud crab changed to orange, yellow and brown. Gills (g) changed from orange into pale-dark and haemolymph changed from transparent into orange, orange-white, and milky-white (B, D, F). with a reduced haemocyte circulation in claw muscle, stomach, and heart in red sternum mud crabs (Figs 5A-C). Moreover, cytoplasm of hepatopancreatic cells and gastric gland cells in stomach of red sternum mud crabs were filled with masses of bacteria ( Figs 6A, B) . Although the infected cytoplasms were destroyed, the nucleuses were still in normal condition.
Isolation of microorganisms
Isolation of the microorganisms from hepatopancreas, gills, abdominal and claw muscles, stomach, heart, and haemolymph of three stages of red sternum mud crabs revealed only bacterial growth, no growth of fungi and yeasts was found. Gram staining of these bacteria showed that they were Gram negative, either in rod-, curve rod-, or coccus-shapes. Based on colony and bacterial morphology, and Gram-staining, the bacteria can be classified into five types ( Table 2 ). The type I bacteria were Gramnegative, cocci-shape, with size of about 0.5 µm. Bacteria type II were Gram-negative, rod-shape, with size ranging from 0.75 to 1.00 µm. Type III bacteria were Gram-negative, short-rod shape, with size between 0.5 and 1.00 µm. Type IV bacteria were Gram-negative, rod-shape, with size of about 1.00 to 1.50 µm. Type V bacteria were Gram-negative, rod-shape, with size between 1.00 and 1.25 µm.
In the tissues of the normal mud crabs, no bacterial growth was found, while in the red sternum mud crab stage 1 (containing orange haemolymph) Type I, II, and III bacteria were isolated. Four bacterial types (Type I, II, IV, and V) were observed in the red sternum mud crab stage 2 (containing orange-white haemolymph) and the red sternum mud crab stage 3 (containing milky-white haemolymph) ( Table 2) .
Discussion
The symptoms found in the crabs from Samutsongkhram Province are obviously different from those found in the softshell crab farms in Klung District, Chataburi Province during the summer (Salaenoi et al. 2006) . In this study the abnormal crabs were found to have reddish-orange sternum and hard carapace. They also contained slightly orange to milky-white haemolymph which showed slower clothing than that of the normal crabs. The internal organs of the red sternum crabs were still in normal shape but their color changed into orange. In contrast, Salaenoi et al. (2006) found deterio- ration of the integument, gills, stomach, heart, and hepatopancreas in the Chantaburi red sternum crabs. They also reported the soft and dark-red sternums in these crabs. The haemolymph was milky and not clotted. It is possible that the symptoms reported by Salaenoi et al. (2006) are in the later phase of the red sternum whereas the symptoms found in this study are in the earlier phase.
Several diseases in crabs caused by parasites, ciliate, barnacle, viruses, yeast, rickettsia (Field et al. 1998; Schuwerack & Lewis 2001; Wang & Gu 2002; Stentiford et al. 2003; Stentiford & Shields 2005 ) and bacteria (Johnson 1976; Davis & Sizemore 1982; Faghri et al. 1984; Huq et al. 1986; Vogan et al. 2002) have been reported. As mentioned earlier the symptoms observed in mud crabs in this study are similar to the bitter crab disease (BCD) or pink crab disease (PCD). Several reports indicated that the cause of the diseases may be a parasitic dinoflagellate, Hematodinium sp. (Eaton et al. 1991; Hudson & Lester 1994; Taylor & Khan 1995; Stentiford et al. 2002; Pestal et al. 2003; Shields et al. 2005) . However, the results of TEM and SEM revealed only bacterial infection in all three stages of red sternum mud crabs. Additionally, investigation of bacterial infection by microbiological techniques revealed a number of bacterial colonies in all three stages of red sternum mud crabs while no bacterial infection in the normal crabs. This implies that 
Milky-white haemolymph Hepatopancreas
Note: + found; -not found. 1 Gram-negative, cocci-shape, 0.5 µm in size; 2 Gram-negative, rod-shape, size ranging between 0.75-1.00 µm; 3 Gram-negative, short-rod shape, size between 0.5-1.00 µm; 4 Gram-negative, rod-shape, size of about 1.00-1.50 µm; 5 Gramnegative, rod-shape, size between 1.00-1.25 µm.
these bacteria may be responsible for the red sternum syndrome. Salaenoi et al. (2006) found different trace element contents in the haemolymph of the red sternum mud crabs in comparison to the normal crabs. They suggested that the changes of trace element contents in mud crabs may affect the mud crab physiology and behavior. Besides, we observed severe bacterial infection in the haemolymph of the red sternum mud crabs but not in the normal haemolymph (data not shown). Therefore, it is possible that the changes of mud crab physiology and behavior may facilitate bacterial infection causing the disease. However, more data are required before a conclusion can be drawn. Absence of hemolymph clotting is typical of the red sternum crabs. The effect of bacterial infection on haemolymph clotting has also been found in tiger prawns Penaeus monodon (F., 1798). Lee et al. (1999) reported that when the normal prawns were injected with the extracellular products (ECP) of Vibrio harveyi isolated from infected prawns, their hemolymph did not clot within two hours. However, the effect of ECP on hemolymph clotting is still unknown.
The results from microorganism observation showed that there were five types of bacteria (classified based on colony, morphology and Gram-staining) isolated from soft tissues of mud crabs. Microbiological data data strongly suggest that the type of bacterial infection is related to the severity of the disease (Table 1). In the stage I of red sternum mud crab, infection of Types I, II, and III was found, while in stages II and III red of sternum mud crabs, Types I, II, IV, and V infection was found. It is of great interest to determine the involvement of these bacteria in the disease. The information would be valuable for the determination of the mechanism of the disease.
